The signal peptide (sp) in Streptomyces lividans xylanase A2 (XlnA2) was replaced by sps containing, in frame in their sequences, one, two, three or four initiation codons, each preceded by a Shine-Dalgarno (SD) sequence. Precursors of the corresponding proteins should thus have sps of, respectively, 27, 46, 82 and 91 amino acids (aa) long. By radiolabelling of S. lividans harboring the different constructs inserted in a multicopy plasmid and by immunoprecipitation with anti-xylanase antibodies followed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separation, precursors of the expected sizes were obtained in each clone. This indicates that ribosomes can synthesize different XlnA2 precursors from initiation codons inserted in the sp sequence, independently of their number. The amount of these synthesized precursors was also shown to be inversely proportional to their length when comparing the specific activity of labelling versus sp length. In clones producing more than one precursor, a smear appeared on the autoradiograms, suggesting some degree of precursor degradation. As determined by pulse-chase experiments, the rate of disappearance was almost the same for precursors of different lengths, but this might be the result of both true processing and proteolytic degradation. Furthermore, S. lividans rapidly degraded XlnA2 either when deprived of its sp or in the absence of the signal peptidase cleavage site. ß 1999 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
Streptomycetes are Gram-positive bacteria secreting large quantities of proteins which are secreted via a signal-dependent protein secretion mechanism similar to that of the general secretory pathway of Escherichia coli [1] . The secreted proteins of streptomycetes contain signal peptide (sp) sequences that are longer than those of either the eukaryotes or the Gram-negative bacteria. The latter averages a length for sp sequences between 22 and 24 amino acids (aa), while in Gram-positive bacteria, the sp sequence is generally from 29 to 31 [2] . Whereas in streptomycetes, the sp sequence can be as long as 70 aa [3] . Xylanases hydrolyze the L-1,4-D-glycosidic bonds in xylan, a component of hemicelluloses and low-molecular mass heteroglycans associated, in plant cell walls, with lignin and cellulose. These enzymes have attracted considerable attention for their potential use as bleaching agents in the pulp and paper industry [4] . In an attempt to optimize the secretion of xylanase A2 (XlnA2) by Streptomyces lividans, its sp was successively replaced by six homologous sps from other secreted enzymes of S. lividans. None of these replacements signi¢cantly increased the XlnA2 production [5] . A close examination of the published sp sequences of secreted proteins in streptomycetes revealed that it is often possible to ¢nd two initiation codons, each one preceded by a more or less conserved Shine-Dalgarno (SD) sequence. Such a translational organization was found for the genes encoding mannanase (ManA) [6] , cellulase (CelA) [7] , chitosanase [8] , subtilisin inhibitor [9] and esterase [10] . In streptomycetes genes, SD sequences are not well de¢ned and it is not known whether or not these two potential SD and initiation codons have any biological signi¢cance. The S. lividans XlnA2 sp was replaced by sps of ManA or CelA, two enzymes also secreted by S. lividans. Depending on the location of a possible SD followed by a potential initiation codon in the nucleotide sequence, the length of the sps of ManA and CelA is, respectively, 34 (short sp) or 43 aa (long sp) and 27 (short sp) or 46 aa (long sp). The sequences encoding these sps were fused to the structural xylanase A gene (xlnA). Clones harboring the short sps of ManA and CelA each produced the same amount of xylanase as the XlnA2 wild-type sp sequence used as a control. In clones containing the long sps of ManA and CelA, XlnA production was enhanced by 1.5 and 2.5-fold, respectively. These XlnA yields were then reduced by half and by one third, respectively, when the internal initiation codons of the long sp sequences of ManA and CelA were mutated. Since these clones exhibited the same transcription levels, the results suggest that both SDs are used concomitantly in S. lividans to increase enzyme production at the translational level. However, when the short or long sps of ManA were fused to the long CelA sp sequence, giving constructs containing respectively three and four SDs, a decrease in xylanase production was observed. In all the preceding constructions, the sp, independently of its length, is removed to release a mature, active xylanase in the medium because the signal peptidase cleavage site is intact and located in front of the structural gene [11] . From the above results, several questions had to be addressed. Do S. lividans clones really synthesize di¡erent xylanase precursors according to the length of the sp sequences being used? If so, are those precursors synthesized in equivalent amounts and are they processed at the same rate regardless of their size? Is there a competition between the di¡erent precursors along the secretion pathway? In this paper, we attempt to answer these questions by using pulse-chase experiments with clones harboring di¡erent lengths sp sequences inserted in xlnA.
Materials and methods

Chemicals and enzymes
Unless otherwise stated, DNA-modifying enzymes and restriction enzymes were from Pharmacia. Thiostrepton was a gift from Squibb Canada (Montrëal, Que., Canada).
Bacterial strains and media
Streptomyces lividans IAF10-164 (cellulase-and xylanase-negative mutant) was used as host for recombinant plasmids [12] . Spores were prepared according to Hopwood et al. [13] . The growth medium had the following composition: KH 2 O, 140 mg, all dissolved in 100 ml of distilled water. The medium ingredients were dissolved in 1 l of distilled water and autoclaved. Before use, 0.6 ml of a 5% MgSO 4 , 1 ml of a 3% CaCl 2 , 1 ml of a 10% yeast extract and 1 ml of a 5% proteose peptone were aseptically added to 100 ml of the above medium. Thiostrepton was added where required to a ¢nal concentration of 5 Wg ml 31 . Protoplasting and transformation of mutant IAF10-164 were performed as described by Hopwood et al. [13] .
Plasmid constructions
In order to generate only the catalytic domain of XlnA in each plasmid, a stop codon was introduced by PCR in the xlnA after the sequence encoding aa 302. The ¢rst oligonucleotide, a 22-mer 5P-GCCT-CCAAAGCTTAGTGGTCAC-3P, contained 15 nucleotides (nt) of a xlnA sequence spanning the HindIII site and corresponding to a sequence 17 bp upstream from the translation initiation codon. The second, 27-mer 5P-GAGCTGCGTGAGTTGCCGA-CTCTCGAG, contained the restriction site SacI (restriction site is underlined), a TGA stop codon and a part corresponding to the sequence preceding aa 302. This construct encoded a 32-kDa protein called XlnA2. The PCR conditions were: 5 min at 94³C, followed by 30 cycles of 1 min at 94³C, 2 min at 60³C and 3 min at 72³C. DNA polymerase PfuTurbo 1 was from Stratagene. The 1-kb fragments containing the stop codon were digested with HindIII-SacI, electrophoresed on a 0.7% agarose gel, puri¢ed with a QIAEX 1 gel extraction kit (Quiagen, Chatsworth, CA, USA) and then cloned into pIAF906 digested at the same sites. This digested pIAF906 was puri¢ed as above to eliminate the original 1.2-kb HindIII-SacI fragment encoding an initial truncated sequence of xlnA. The di¡erent constructs were used to monitor secretion of XlnA2 after transformation in protoplasts of S. lividans IAF10-164. The derived plasmids containing the TGA codon are di¡erentiated by adding .1 to their name.
DNA sequence accuracy of the inserted HindIIISacI fragments after ampli¢cation by PCR was con¢rmed by dideoxy chain termination sequencing [14] using an ALF DNA Sequencer (Pharmacia Biotech).
Pulse-chase experiments
Recombinant constructs of S. lividans IAF10-164 were grown in 125-ml shake £asks containing 20 ml of culture medium supplemented with 5 Wg ml 31 thiostrepton. The medium was inoculated with 2U10 6 spores per ml and incubated 48 h at 34³C on a rotary shaker set at 240 rpm. The cultures were centrifuged at 1.5 k rpm for 1 min and mycelium pellets were washed twice in fresh culture medium without the yeast extract, proteose peptone, MgSO 4 and CaCl 2 . After centrifugation, the mycelium was resuspended in 20 ml of fresh washing medium as above and dispersed with a potter. Five ml of mycelium suspension was then transferred to a 25-ml Erlenmeyer and incubated in a shaking bath for 5 min at 34³C. The mycelium was pulse-labelled for 2 min with [ 35 S]methionine at 200 WCi per ml using Tran 35 S-label 1 (ICN Biomedicals). The chase was initiated by adding 40 Wl of unlabelled methionine (1%) and 50 Wl of albumin (5%), which served as a carrier protein. Aliquots (500 Wl) were removed at indicated times, immediately mixed with equal volumes of ice-cold trichloroacetic acid (10%) and incubated on ice for 30 min. The trichloroacetic acid precipitates were pelleted, washed with acetone and dried under vacuum. The dried pellets were resuspended in 40 Wl of 1 M Tris to which were added, 1 ml of a bu¡er containing 50 mM Tris-HCl pH 6.8, 2 mM EDTA and 1% L-mercaptoethanol, 10 Wl of 100 mM PMSF and 40 Wl of 25UComplete 1 proteases inhibitor (Boehringer-Mannheim). Disruption of the mycelium was then obtained by sonication in a Sonicator Ultrasonic Processor XL (Heat Systems, Farmingdale, NY, USA). The suspensions were subjected, in an ice bath, to six 30-s bursts interspersed with 30-s cooling periods. After adding 100 Wl of 10% sodium dodecyl sulfate (SDS), the samples were boiled 5 min, diluted with 12 ml of a bu¡er containing 50 mM Tris-HCl pH 7.4, 0.5% Triton X-100, 2 mM EDTA, 150 mM NaCl and 0.25% gelatin and incubated for 30 min with 30 Wl of 10% protein A Sepharose (Sigma). The samples were centrifuged at 3 k rpm for 5 min and the supernatants, transferred to other tubes, were incubated with 5 Wl of anti-xylanase antibodies for 30 min at 4³C. This was followed by addition of 50 Wl of 10% protein A Sepharose and overnight incubation at 4³C with shaking. The immunoprecipitates were pelleted by centrifugation and washed three times in 10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% Triton X-100 and 0.5% sodium deoxycholate bu¡er. The immunoprecipitates were then solubilized by boiling for 5 min in Laemmli sample bu¡er [15] and separated on 12% SDS-polyacrylamide gels. The gels were soaked 15 min in Amplify 1 £uorographic reagent (Amersham Life Science), dried down on 3 MM paper and exposed to X-Omat ¢lms (Eastman Kodak) at 380³C. Autoradiograms were scanned with the Bio-Rad GS-670 imaging densitometer.
Sodium azide treatment
Prior to labelling, mycelium suspensions were preincubated for 10 min at 34³C in a minimal medium containing 4 mM sodium azide. The mycelium was then pulse-labelled for 2 min and treated as above.
Results and discussion
Construction of plasmids encoding XlnA2
The xylanase A gene (xlnA) from S. lividans 1326 has been cloned earlier [16, 17] and constructs harboring the di¡erent sp sequences are shown in Table  1 . In all plasmids, the 3P-end of xlnA was deleted of 1 kb after digestion with SacI. Theoretically, the resulting plasmids should encode a 40-kDa truncated xylanase, instead of the 43 kDa of the wild-type. However, only a 32-kDa enzyme representing the catalytic domain could be recovered from culture supernatants of the clones. This enzyme lacked its entire xylan-binding domain but was fully active [5] . The instability of the xylan-binding domain when truncated of a few aa was shown in preliminary pulse-chase experiments where a complex degradation pattern of xylanase-like polypeptides could be observed, impeding any precursor processing analysis. The three dimensional structure of the 32-kDa xylanase (XlnA2) was determined earlier and it was shown that the residue ending the carboxyl end of the catalytic domain is glycine-302 [18] . In order to overcome an uncontrolled degradation pattern, a stop codon was introduced in the xlnA of each plasmid after the codon specifying aa 302. This was achieved by PCR with plasmids containing the different sp sequences as templates (Table 1) . After digestion with HindIII/SacI, the ampli¢ed fragments were inserted in pIAF906 and cloned in a cellulaseand xylanase-negative strain, S. lividans 10-164 [12] . The plasmids used in this study should encode di¡er-ent length XlnA2 precursors, depending on the number of SDs followed by an initiation codon present in their sp sequences (Fig. 1) . [7] , P2 contains P1 plus 19 more or less hydrophobic aa encoded from the in frame ATG located upstream of P1 in celA, P3 contains, besides P1 and P2, the ManA true sp [6] deleted of its signal peptidase cleavage site and P4 contains P1, P2, P3 and 11 random aa encoded from the in frame ATG located upstream of the true sp sequence in manA. For releasing the mature form of XlnA2, all these precursors possess a single signal peptidase cleavage site located at the carboxyl end of P1 (Fig. 1). 
Pulse labelling experiments
S. lividans xylanase clones harboring di¡erent length sp sequences were grown for 48 h and then pulse-labelled for 2 min. Mycelium disruption and immunoprecipitation of xylanase-like polypeptides followed by SDS-polyacrylamide gel electrophoresis pIAF906 derivative, containing the short sp sequence of manA followed by the long sp sequence of celA [11] pIAF926 pIAF906 derivative, containing the long sp sequence of manA followed by the long sp sequence of celA [11] (PAGE) separation allowed us to demonstrate the presence of XlnA2 precursor(s) in all clones (Fig.  2) . As expected, IAF912.1, IAF911-A.1 and IAF925.1 show one, two and three precursors, respectively. In IAF926.1, precursors P3 and P4 are superimposed (see below). However, those precursors are not produced in equivalent amounts by clones synthesizing multiple precursors of XlnA2 (Fig. 2) . According to the number of additional methionines and cysteines in the lengthening of sp sequences, the speci¢c radioactivity should increase by 17% for P2, 25% for P3 and 33% for P4 as compared to P1, since radiolabelled cysteine is also present in the [ 35 S]methionine labelling mix. Not only this labelling ratio is not observed on the autoradiograms, but there is even a decrease in labelling which is inversely proportional to the size of the precursor. This could be due to ribosomes preferentially initiating the translation of P1, which is generally more labelled than the others in our experiments. It is also di¤cult to distinguish between the processing rate and the random proteolytic degradation of precursors. As shown in Fig. 2 , the background increases with the number of synthesized precursors and this is particularly evident for IAF926.1. Moreover, instead of the 3^4-fold increase expected, this clone produces the same amount of XlnA2 as IAF912.1, which contains a single initiation codon [11] . This suggests that the precursors are degraded before entering the general secretory pathway and that only a few of them are correctly processed to release the mature XlnA2. Thus, the low labelling of certain precursors has shown by their faint appearance on the autoradiograms after 2 min of pulse labelling that it might re£ect their very e¤cient processing. In IAF911-B.1, the presence of two precursor bands (P1 and P2) was unexpected since replacement of the internal ATG translation initiation codon by an ATC should have prevented synthesis of the Proteins were precipitated with trichloroacetic acid and recovered with the mycelium by centrifugation. After disrupting the mycelium by sonication, xylanase-like polypeptides were precipitated with anti-xylanase antibodies and the products analyzed by SDS-PAGE and autoradiography. The relevant clone is indicated above each lane. Arrows at the left identify the precursors and the mature form of XlnA2. The arrow at the right identi¢es control XlnA2 immunoprecipitated from culture supernatants after the labelling experiment. P1, P2, P3 and P4 are precursors of XlnA2, respectively synthesized from the ¢rst, second, third and fourth initiation codon, depending on their presence in the various sp sequences; m is the mature form of XlnA2.
shorter precursor P1. However, a TTG codon located 10 nt downstream of that ATC could have been used as initiation codon for the synthesis of a shorter P1 [7] . In this case, the sp would lack, at its N-terminal end, one arginine and one lysine, two residues furnishing the positive charge which represents an essential characteristic of a fully functional sp [2] .
Processing of precursors
Maturation of the di¡erent precursors was followed by pulse-chase experiments in which clones were labelled for 2 min and chased for 5 min. Then, at appropriate intervals, aliquots were taken and analyzed (Fig. 3) . First, the XlnA2 was analyzed when the sp is missing or when it is deleted from its signal peptidase cleavage site. In the latter case, the unprocessed precursor was randomly degraded and had a half-rate of 4.5 min without intermediate formation of mature XlnA2 (Fig. 3g) . When XlnA2 was deprived from its sp, in clone IAF903.1, it was rapidly degraded with a half-rate of 2 min (Fig. 3f) . This fact corroborates previous results where no xylanase activity was detected in the culture supernatant of both clones [5] . There was no protein accumulation in the cytoplasm of S. lividans, in contrast to what happens in E. coli, which is able to accumulate large amounts of recombinant products as inclusion bodies. Therefore, this phenomenon must be seriously considered when analyzing precursor maturation because the lack of an appropriate sp will lead to precursor degradation even before they enter the secretion machinery. In our experiments, all precursors show a half-rate of processing of 1.5 min (Fig.  4) . In clone IAF926.1, where four precursors are synthesized, the di¡erence between P3 and P4 is only 1 kDa, which does not allow for a good separation on the gel (Fig. 3e) . The presence of P4 only reinforced the intensity of the P3 band and a stronger signal was obtained as compared to that of the P3 band of clone IAF925.1 (Fig. 3d) . So, in IAF926.1, the disappearance of P3 and P4 was evaluated as a whole and it was similar to that of the P3 alone. The unexpected short precursor lacking two indispensable positive charges, in IAF911-B.1 (Fig.  3c) , shows a half-rate of 1 min instead of the 1.5 min of the true P1 (Fig. 4) . More than just true processing, this might re£ect a certain degree of precursor degradation before entry in the secretion pathway, because those positive charges are believed to facilitate sp tethering to the phospholipid layer of the membrane [19] . When taken alone or in the presence of two or three other precursors, the half-rate of processing of P1 is almost the same, indicating that there is no competition between precursors in S. lividans, as was also observed for sps in E. coli [20] . From our results, P2 is better processed than P1 (Fig. 3a,b ) and this could either be due to the fact that P2 is closer to the consensus sp length (40^50 aa) generally found in Streptomyces sp [1] and therefore could be more adapted to that secretion machinery or to a combination of processing and proteolytic degradation.
Increasing the sp length up to 82 and 91 aa does not in£uence the processing rate of the corresponding precursors P3 and P4. Apart from the random proteolytic degradation discussed above, this may indicate that P1, which possesses the characteristics of a typical sp, is su¤cient to promote maturation of the long precursors and additional aa preceding it has no signi¢cant in£uence.
Sodium azide treatment
In E. coli, sodium azide was shown to inhibit SecA and prevent the precursors to be processed, causing those untransported precursors to accumulate in the cytoplasm [21] . Similar experiments were carried out with the S. lividans clones to determine, by blocking their processing, if the di¡erent precursors are synthesized at the same levels regardless of their size. Indirectly, these experiments would show whether the ribosomes initiate translation at random or preferentially at one of the multiple SDs present in the mRNA. Finally, they would hopefully allow us to discriminate between processing and proteolytic degradation. Streptomycetes are generally more resistant to sodium azide treatment than E. coli. A 1-mM sodium azide concentration is su¤cient to inhibit growth of E. coli [21] , while in S. lividans, twice that concentration only reduced growth by half (data not shown). To inhibit protein transport, three concentrations were tested: 2, 4 and 10 mM. The mycelium was pre-incubated for 10 min with the desired sodium azide concentration and was then labelled for 2 min and chased for 1.5 min. Concentrations higher than 2 mM reduced protein labelling, but for each azide concentration, the same labelling ratio among precursors was observed and it was similar to that obtained without sodium azide treatment (data not shown). These results indicate that the four translation sites are not equivalent and that ribosomes initiate preferentially at the P1 site. After the 1.5-min chase though, the precursors disappeared at a rate similar to that exhibited without sodium azide (Fig. 4) . At ¢rst, we might say that sodium azide does not inhibit the SecA function in S. lividans. But if sodium azide inhibits the transportation of precursors, those should accumulate in the cytoplasm to be subjected to proteolytic degradation. This would bring a situation comparable to that of IAF903.1, where XlnA2 deprived of its sp is rapidly degraded and has a half-rate of 1.5^2 min (Fig. 4) . Therefore, the above experiments did not allow us to discriminate between processing and proteolytic degradation of precursors because both phenomena occur at the same time.
Taken together, these results suggest that S. lividans can use any of the four initiation codons on a single mRNA if they are at a distance of at least 30 nt from each other, which is about the number of nt protected by a ribosome on a mRNA [22] . However, in our experiments, the use of two SDs followed by initiation codons increased XlnA2 production, three SDs did not increase it further and four SDs even decreased it [11] . This seems to indicate that P3 and P4 do not signi¢cantly participate to the XlnA2 pro- Fig. 4 . Processing rate for di¡erent precursors during the chase period. Disappearance of precursors during the chase experiments was analyzed by densitometry. Values were calculated from autoradiograms like those of Fig. 3 . For each precursor, data obtained during the chase were calculated assuming arbitrarily that the value at 0.5 min was equal to 100%. P1, P2 and P3 are precursors of XlnA2, sp3 is IAF903.1 which lacks a sp and cleav3 is IAF905.1 lacking the signal peptidase cleavage site.
duction and that at least P4 in IAF926.1 can exert a detrimental e¡ect on XlnA2 secretion. Since precursors are produced concomitantly in IAF926.1, there is probably a certain competition between them for entering the secretion machinery, which will preferentially handle P1 and P2. In addition, P3 and P4 show a half-rate of processing close to that of P1, but if we look at the autoradiograms, we can see a smear in the immunoprecipitates gradually increasing in IAF911A.1, IAF925.1 and IAF926.1. This indicates signi¢cant precursor degradation. Moreover, that degradation pattern background disappeared along the chase. So, P3 and P4 are probably mainly degraded and very little, if any, enters the processing machinery. Another possibility had to be considered: since P3 and P4 also contain the ManA sp ( Fig. 1) , it was possible that this sp is the ¢rst to be recognized by the components of the secretion machinery and is degraded for lacking a signal peptidase cleavage site. But then, P3 and P4 should have been degraded at the same rate as that of IAF905.1 (4.5 min), which was not the case (1.5 min) (Fig. 4) . Therefore, we have to conclude that P3 and P4 are processed from the short CelA sp only, a situation which has already been observed in E. coli, where two sps in a row can be processed [20] . Assuming that P3 and P4 do not participate in XlnA2 production, they still contain two sps that could scavenge the soluble components which recognize sp structures, thus forming an unproductive secretion complex. The diminished amounts of these factors in the cell could restrict the e¤cient processing of secretion competent sps like P1 and P2 and that could explain the decrease of XlnA2 production in IAF926.1 [11] . Other cytoplasmic factors, like SecB, involved in protein secretion in E. coli [23, 24] have not yet been found in streptomycetes but they could exist and play a determinant role. In the present study, the strains harboring our constructions on a multicopy vector produce large amounts of mRNA encoding multiple precursors that tend to saturate the secretion system of S. lividans.
